Summary: The objective of this study was to determine the influence of fetal growth on the fundamental frequency (F 0 ) of neonatal crying in a group of healthy full term infants.
Introduction
There has been a persistent conviction by researchers that an infant's cry can provide the basis for early diagnosis of health abnormality.
1
Well over 100 articles have been published since the early 1940s demonstrating that various risk factors are correlated with acoustic features of infant crying.
2
A frequently used measure to evaluate infant crying is vocal fundamental frequency (F 0 ). Vocal F 0 is a measure of the general mode of vocal fold vibration and is assumed to be dictated by the length, mass, and stiffness of the vocal folds. 3 The early vocal behaviors produced by young infants are predominantly laryngeal, with minimal supra-laryngeal involvement. 4 Therefore, F 0 is a suitable vocal parameter to evaluate during the infancy period.
Since F 0 is inversely related to the size of the sound source, physical size presumably plays an important role in determining vocal F 0 . There is further evidence to suggest that the relationship between physical size and F 0 can be found in infant crying, as well. Infants of questionable health status who are of low birth weight have been found to produce cries with significantly higher F 0 compared to healthy children of normal birth weight.
6-10
Such findings would suggest a simple, yet robust relationship between cry F 0 and basic features of physical size.
Vocal F 0 can be manipulated to communicate a variety of intentions and emotions, and these manipulations are not simply a reflection of physical size but, rather, neurophysiological processes.
11
While it is not surprising to find F 0 manipulations in the speech of older children and adults, there is a growing body of research indicating that early infant crying involves processes of neuro-physiological control. For example, Wermke et al. 12 found F 0 variation of less than one semitone in individual infants during the first few months of life. The low level of variability was taken to suggest the existence of an already well-developed kinesthetic/auditory-motor feedback system to control processes in F 0 production. Gilbert and Robb
13
performed a longitudinal examination of hunger cries in four healthy infants across the first 12 months of life. The researchers identified a slight increase in cry F 0 during the course of the study. The monthly rise in F 0 was Cry F 0 and body size 5 assumed to reflect a child's gradual control over crying to signal needs and wants (e.g., food). In spite of a presumably increasing size of laryngeal anatomy, which would tend to favor a lowering in F 0 , infants used an elevated F 0 . Lind and Wermke Popularized by Miller and Hassanein, 19 this index has been used to characterize fetal growth and to identify growth retarded neonates in clinical practice.
18, 20-22
Neonates yielding a very low or high PI are assumed to show asymmetric fetal growth, with birth weight and/or birth length affected.
23
A normal PI is indicative of symmetrical growth in both weight and height.
Zeskind and Lester

16
found infants at the low and high ranges of PI to produce pain cries with a significantly higher mean F 0 compared to infants in the average PI range.
Both low and high PI infant groups produced an almost identical mean F 0 (low PI = 665 examination. The infants were also categorized according to PI. The infants in the low and high PI groups were found to produce a maximum F 0 that was twice as high as that of the average PI group (about 1000 Hz in both extreme groups compared to the average group F 0 of 524 Hz). The conclusion reached in both of these studies was that cries with an unusually high F 0 could serve as a risk marker for infants showing anthropometric signs of either retarded or accelerated fetal growth. However the conclusion reached by these researchers appears to disregard the possible relationship between vocal F 0 and body size, at least in regard to the low PI infants. The high mean F 0 demonstrated by the low PI group is perhaps not surprising when considering these infants were likely to have the smallest overall vocal anatomy. Therefore, it is difficult to assign an at-risk status to these infants. On the other hand, the high F 0 demonstrated by the high PI group is unusual because these infants likely possessed a large vocal anatomy. Past research suggesting independence in cry F 0 from anthropometric indices has been based on examining infants across broad age spans, ranging from two weeks of life to 12 months of age.
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None of these studies exclusively examined the cries of neonates during the first week of life. In addition, these past studies have not directly examined the relationship between body size and cry F 0 . Accordingly, the present study was designed to perform a large scale evaluation of the F 0 of spontaneous cries produced by healthy full term neonates during the first week of life. The research question posed in this study was, 
Body size indices (BI)
To allow for close inspection between cry F 0 and body size, three indices of body composition and fetal growth were calculated for each neonate.
(1) Ponderal Index (PI) -defined as the ratio of body weight (g) to the cube of body length (cm 3 ) x 100.
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The formula for calculation of PI was the same used by Measurement of cry F 0 was carried out using a CSL-Speech 4400/ MDVP acoustic analysis system (KAY Elemetrics Corp. /USA). Cry sequences were displayed on a computer monitor and the onset and offset of single expiratory cry utterances were demarcated using a pair of vertical cursors. The cry utterances were then low-pass filtered (Gaussian-filter) with a cut-off frequency of 40 Hz to eliminate outliers and artefacts (for details see Wermke et al.
12
). Following the filtering procedure, narrowband spectrograms were produced for all recorded cries. To avoid artifacts because of errors in pitch determination of noisy segments, the statistical data of the cry parameters were calculated only for harmonic signals. A vertical cursor was tracked across the harmonic structure of each cry utterance and the CSL software provided the the minimum, maximum, and mean F 0 . Each measure was considered important in the present analysis to investigate whether cry F 0 is linked to body size, particularly F 0 values reflecting end-points of the crying continuum. Specifically, minimum F 0 is known to closely correspond to the general size characteristics of the larynx, particularly the length of the vocal folds.
36,37
Accordingly, minimum F 0 was assumed to most likely be affected by differences in body size corresponding to laryngeal size. Maximum F 0 is thought to be linked to neurological control that coordinates respiratory-phonatory activity, in addition to vocal fold size.
There are several reports which tend to confirm that conditions involving neurological dysfunction/damage in infants result in an unusually high maximum F 0 .
38-42
Therefore, if maximum F 0 was found to significantly differ between neonates of various body sizes, while minimum F 0 was fairly constant, it was assumed that mechanisms primarily related to nervous system functioning were involved.
Statistical analysis
Cry F 0 and body size 10
In order to determine whether F 0 differed according to body size, a series of one-way analysis of variance (ANOVA) tests were performed for the three fetal growth subgroups comprising each BI. The data for the significance testing were based on first averaging the F 0 values of each infant's individual cry utterances. An infant's mean values were then averaged for the entire group of infants belonging to each BI sub-grouping. Separate
ANOVAs were performed for each acoustic measure (minimum, mean, maximum F 0 ) for all three body size indices. In addition, ANOVAs were performed for each of the individual anthropometric features to determine whether they differed according to BI grouping. Instances when a significant result occurred were accompanied by follow-up paired t-tests or Mann-Whitney U tests, depending on distributional characteristics of the data.
Results
Anthropometric measures
The values for the various anthropometric measures, organized according to the three body size indices, are listed in Table 1 . The calculated BI values established for the low, average, and high sub-groupings were found to differ significantly for each of the body size indices (p< .01). Birth weight was also found to differ significantly across each subgrouping according to each BI (p<.05). Birth length differed significantly between the average and high sub-groups for both PI and BW/L groupings, and differed significantly between all three sub-groups for BW. Head circumference differed significantly between neonates in the three sub-groups for BW/L and for BW (p<.05), and differed between the low and high PI sub-groups. The significant differences in BI values were taken as confirmation that the fetal growth of the infants comprising each sub-grouping was sufficiently different to allow for examination of cry F 0 .
F 0 measures
The values for each F 0 measure according to BI are listed in Table 2 . The results for minimum F 0 indicated a slight pattern of decreasing F 0 as a function of increasing body size. However, ANOVA testing for minimum F 0 indicated no significant difference across the low, average, and high sub-groupings for each body size index. The minimum Cry F 0 and body size 11 F 0 data were reanalyzed upon removal of the SGA and LGA neonates, and resulted in similar ANOVA findings. A pattern of decreasing F 0 according to body size was also found for mean F 0 . Results of ANOVA testing for mean F 0 closely paralleled those for minimum F 0, with the exception of the BW index, whereby low BW neonates had a significantly higher mean F 0 compared to high BW neonates (p<.05). The same results were obtained upon removal of the mean F 0 results for SGA and LGA neonates. The most marked difference between neonates was in regard to maximum F 0 . For both BW/L and BW indices, neonates in the low group had a significantly higher F 0 compared to the high group (p<.05). The maximum F 0 of the high group was also significantly higher compared to the average group according to the BW index (p<.05). Similar overall results were obtained for maximum F 0 when the results for the SGA and LGA neonates were removed from the data set.
Discussion
In general, the anthropometric measures obtained for the neonates, organized according to the three body size indices were indicative of clear difference between the subgroups of children. Among the three BI measures, BW appeared to be the strongest indicator of growth differences across low, average, and high fetal growths. Birth length and head circumference were also found to clearly differ between all three fetal growth groups according to the BW index. While the PI and BW/L indices were useful in differentiating neonates according to body weight, they were less useful separating neonates according to birth length and head circumference. The conclusion that the BW index provided the best overall classification of body size supports the results of previous researchers, who have found the Rohrer PI to provide a less-than-ideal classification of growth symmetry compared to a simple ratio of body weight to body length.
33, 43-46
Still, others have questioned whether the inclusion of any power of body length term (e.g., BW/L) improves in differentiating fetal growth compared to the use of birth weight alone. for acceptable fetal growth. There is considerable evidence to suggest that infants whose PI falls within the extreme ranges of fetal growth are likely to be at high risk of neuro-developmental deficits.
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Thus, one cannot rule-out the possibility that the high F 0 demonstrated by infants in these earlier studies was indicative of existing neuro-developmental problems. It is interesting to consider the F 0 results in regard to the BW classification scheme.
While the BW index appeared to provide the most sensitivity in differentiating various features of fetal growth, the index also provided the most sensitivity in regard to cry F 0 .
Specifically, maximum F 0 was found to differ significantly according to BW. Neonates of high fetal growth produced cries that were significantly lower in maximum F 0 compared to neonates of low and average fetal growth. While this finding appears to support the suggestion that body size has an influence on the F 0 of neonatal crying, it is important to consider these results in comparison to those for minimum F 0 . Recall that minimum F 0 closely corresponds to the general size characteristics of the larynx.
36,37
Therefore, minimum F 0 was assumed to most likely be affected by differences in body size corresponding to laryngeal size. This was not the case in the present study. The effect of decreasing F 0 with increasing body size was least robust for minimum F 0 . Thus, the observed differences in maximum F 0 between infants of differing fetal growth may be linked to processes of nervous system functioning, in addition to anatomical size.
Furlow
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and others 41, 42, 50, 51 have inferred that crying maximum F 0 is reflective of neurophysiological processes regulating vocal fold vibratory behavior. Accordingly, the large F 0 differences observed across the neonates of differing fetal growth could indicate possible differences in nervous system activity controlling cry. That is, neonates of smaller body size may simply have experienced more stress during the crying episode compared to larger neonates. The increase in stress was reflected in their crying as a high maximum F 0 . In summary, past cry studies have suggested that healthy, full term infants exhibit neuro-physiological control over cry F 0 , in spite of developmental changes in laryngeal growth.
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These studies are based on systematic examination of infants between the ages of two-weeks and 12-months of life. The present study was confined to the crying behavior demonstrated by neonates during the first week of life. Across the group of neonates, the relationship between body size and F 0 was not strong, and therefore provides marginal support for the original prediction that F 0 features of neonatal crying may be affected by physical size. Only upon consideration of the extreme range of crying, namely maximum F 0 , can neonates be clearly differentiated on the basis of body size. For now, we feel that F 0 measures can be applied to the cries of full term neonates without running the risk of data misinterpretation resulting from body size differences.
However, researchers who use cry F 0 to examine infants of unusual body size (e.g., preterm, very low birth weight), should take caution, so as to avoid confusing simple growth influences on cry F 0 from possible nervous system disturbances.
